Relative stability between two types of reconstructed models of the {122} AE ¼ 9 coincidence boundary in cubic SiC has been examined by using the ab initio pseudopotential method based on the density-functional theory. Results are compared with the high-resolution transmission electron microscopy (HRTEM) observation in SiC polycrystalline films. A zigzag model consisting of zigzag arrangement of two sets of fiveand seven-membered rings is more stable than a straight model consisting of straight arrangement of five-, six-and seven-membered rings, because of larger bond stretching in the latter model. The former model requires a rigid-body translation parallel to the interface. This may cause large strain at the triple junction with the {111} AE ¼ 3 boundaries, although this can be avoided by introducing a step at the junction. The HRTEM observation has clearly shown the presence of the zigzag model and the step at the triple junction.
Introduction
SiC is of great technological importance as high-temperature electronic devices and optoelectronic devices as well as high-performance structural and electronic ceramics. In chemical vapor deposited (CVD) SiC films, there frequently occur a lot of stacking faults and coincidence boundaries. Thus it is of great importance to investigate structure and properties of such planar defects. Recent electron microscopy observations have shown that there exist a lot of h011i tilt coincidence boundaries such as AE ¼ 3, AE ¼ 9, AE ¼ 27 and so on in CVD cubic SiC films, 1) which is similar to other covalent materials.
2) The {122} AE ¼ 9 boundary is observed frequently associated with the triple junction with the {111} AE ¼ 3 boundaries in SiC, similarly to the same boundaries in Si, Ge and diamond. [1] [2] [3] [4] [5] The {122} AE ¼ 9 boundary can be regarded as a typical coincidence boundary in covalent materials, and a lot of studies have been performed for this boundary in Si and Ge. 6, 7) In covalent materials such as Si and Ge, theoretical calculations 8) and high-resolution transmission electron microscopy (HRTEM) observations 9) have clarified that coincidence boundaries usually have periodic reconstructed configurations without any dangling bonds and that the same coincidence boundary seems to have a common atomic configuration for these materials with diamond or zincblende structure. However, it is possible to construct multiple reconstructed models with different rigid-body translations (RBT) between two grains for the same coincidence boundary. Recent HRTEM observations with theoretical calculations have revealed the presence of such multiple quasi-stable configurations with different RBT parallel to the interface, according to the local environment permitting or prohibiting such RBT associated with steps, facets or junctions, for the {211} AE ¼ 3 boundaries in SiC, 10) diamond 11) and Si. 11) Thus the RBT and its accommodation associated with steps or junctions are important factors to determine the atomic structure of grain boundaries in covalent materials, as well as the coincidence-site lattice (CSL) problem and the reconstruction.
For the {122} AE ¼ 9 boundary in diamond or zinc-blende structure, it is possible to construct two kinds of reconstructed models with different RTB. 12) One is a zigzag model with a glide-plane symmetry, where two sets of five-and sevenmembered rings in the h011i projection constitute one period along the interface. The other is a straight model with a mirror-plane symmetry, where straight arrangement of five-, six-and seven-membered rings constitute one period. The latter model has no RBT parallel to the interface from the exact CSL relation between the two crystals, although the former requires a shift of 1/9a 0 [411] parallel to the interface. This point should induce a problem at junctions with different boundaries, especially at the triple junctuion with the {111} AE ¼ 3 boundaries. [3] [4] [5] Figure 1 shows this problem in the case of SiC. It should be noted that the {111} AE ¼ 3 boundaries are very stable with negligible bond distortions. In Fig. 1(a) , the interface of the AE ¼ 9 boundary can be accommodated to the straight model, only if a screw dislocation of a Burgers vector of 1/4a 0 [011] is introduced at the core of the junction. For the zigzag model, it is necessary to introduce an edge dislocation of a Burgers vector of 1/9a 0 [411] to accommodate the RBT in this junction model. Otherwise, as shown in Fig. 1(b) , by introducing a step at the junction, the interface of the AE ¼ 9 boundary can be accommodated to the zigzag model, although large bond distortions may be necessary at the step. This is because the step induces a shift of a {122} interface plane normal to this plane, which results in a shift between the two crystals parallel to the interface consistently with the RBT. This point has already been discussed for diamond. 4, 5) In Si, Ge and diamond, the zigzag model is usually observed by the HRTEM. Thus the presence of the configuration of In any case, in order to understand the stability of the {122} AE ¼ 9 boundary and the triple junction, it is of great
interest to compare the two models of the {122} AE ¼ 9 boundary in SiC. In this paper, we perform the first-principles calculations of the two models in SiC. Results are compared with the HRTEM of the triple junction of the AE ¼ 9 and AE ¼ 3 boundaries in SiC.
Theoretical Method
We use the plane-wave pseudopotential method based on the density-functional theory 13, 14) with the local density approximation. 15) Troullier-Martins optimized pseudopotentials 16) for Si and C were constructed with the configurations of 3s 2 3p 0:5 3d 0:5 and 2s 2 2p 2 , respectively, and with the cutoff radii of 2.0 a.u. and 1.44 a.u., respectively. We use the planewave cut-off energy of 60 Ry. For the electronic minimization, the conjugate-gradient method 17) is used, which is suitable for semiconducting systems.
18) The calculated equilibrium lattice constant of cubic SiC crystal is 98.9% of the experimental value of 0.4360 nm.
We deal with the non-polar interface of the {122} AE ¼ 9 boundary with respect to the direction of the polarity of the two grains, 19, 20) because only the non-polar interface is consistent with the stable non-polar interfaces of the AE ¼ 3 boundaries at the triple junction as shown in Fig. 1 . For the zigzag and straight models, we have constructed a similar 64-atom supercell, where two equivalent non-polar interfaces are stacked alternately. The supecells of the two models have the C 2v symmetry. Two k points per irreducible eighth of the Brillouin zone are used. Relaxation is performed according to the Hellmann-Feynman forces untill the maximum force is less than 0.6 eV/nm. The symmetric property is preserved throughout the relaxation. Initial configurations including the RBT are constructed by iterative relaxations using the selfconsistent tight-binding method. 7) This is due to the different directions of the polarity of the two grains in the non-polar interface. In this configuration, all the interfacial bonds are well reconstructed, where the Si-C bond-length deviations range from À2:9% to þ2:9% and the bond-angle deviations range from À22:4 to þ27:9 . In usual Si-C bonds, valence electrons are pulled from Si to C, which means large ionicity of this material. However, we can see the presence of bond charge for each interfacial Si-C bond. The C-C and Si-Si bonds are also well reconstructed, where the bond lengths and bond charges have similar features to those in bulk diamond and bulk Si. The C-C bond is stretched by 3.6% than the bulk diamond bond, and the Si-Si bond is compressed by 4.4% than the bulk Si bond. Two-humped valence charge at the C-C bond is similar to that of the bulk diamond bond. Figure 3 shows the electronic structure of this interface. There exist no deep states in the band gap, although boundary-localized states are generated at the bottom and top of the valence band. These states are mainly localized at the C-C bonds. These should be caused by diamond-like electronic states associated with the h011i rods of diamondlike C-C bonds, because the valence-band width of diamond is wider than that of SiC. This feature is in contrast to no apparent mid-gap or band-edge states in coincidence boundaries in Si. 7, 8) Grain boundaries seem to have substantial effects on the electronic properties of polycrystalline SiC, even though reconstruction occurs. In (a), a straight model consisting of straight arrangement of five-, six-and seven-membered rings can be constructed for the AE ¼ 9 boundary by introducing a screw dislocation at the junction core so as to settle the different h011i height at the interface. In (b), a zigzag model consisting of two sets of five-and seven-membered rings is formed by introducing a step at the junction core. Figure 4 shows the relaxed configuration of the straight model. The calculated boundary energy is 2.13 J/m 2 . This configuration contains a slight shift parallel to the interface, 0.01a 0 [411]. This deviation is caused by the absence of the mirror-plane symmetry differently from that in Si. 7) This is also due to the different directions of the polarity of the two grains in the non-polar interface. In this configuration, the C-C and Si-Si bonds are also well reconstructed. The C-C bond is stretched by 1.1% than the bulk diamond bond, and the SiSi bond is compressed by 1.2% than the bulk Si bond. However, there exists rather large Si-C bond stretching. The Si-C bond-length deviations range from À5:0% to þ10:4%, and the bond-angle deviations range from À16:6 to þ23:2 . The most stretched Si-C bond by 10.4% exists at the interface, belonging to both the six-membered and sevenmembered rings, as indicated by an arrow in Fig. 4 . It is clear that the bond charge is greatly reduced as compared with the most stretched bond by 2.9% in Fig. 2 . This should be the reason for the higher energy of this model. These results are consistent with the ab initio results in Si. 7) In this way, it can be said that the zigzag model should exist stably, if the problem of the RBT parallel to the interface is settled. 
21)

Calculated Results
HRTEM Observation
We have performed the HRTEM observation of the triple junction of the {122} AE ¼ 9 and {111} AE ¼ 3 boundaries in CVD cubic SiC films. The TEM specimen was prepared by mechanical thinning and ion milling. We used a fieldemission TEM (JOEL JEM-3000F) at an accelerating voltage of 300 kV. Figure 5 shows the h011i projected image. There exist two types of triple junctions, and there exists a rather short segment of the {122} AE ¼ 9 boundary between the triple junctions. It is possible to estimate the position of each h011i atomic column as shown in Fig. 5(b) . In this way, we can clarify the atomic configurations of the triple junctions and the boundaries. It is clear that one of the two junctions corresponds to the model in Fig. 1(b) . There really exists a step at the junction so as to shift the {122} interface plane of the AE ¼ 9 boundary. And the interface of the {122} AE ¼ 9 boundary is constructed by zigzag arrangement of fivemembered and seven-membered rings in the h011i projection. This is in good agreement with the calculated zigzag model in Fig. 2 , although the observed interface has a bend by changing the manner of arrangement of the rings.
Conclusion
The atomic and electronic structure of the {122} AE ¼ 9 boundary in cubic SiC has been investigated by the ab initio pseudopotential method. Relative stability of the zigzag model consisting of zigzag arrangement of five-membered and seven-membered rings has been clearly shown against the straight model. There exist no deep states in this boundary, although the C-C bonds generate valence-band edge states. All the calculated results are consistent with the HRTEM observation of the triple junction of the {122} AE ¼ 9 and {111} AE ¼ 3 boundaries in SiC, where a configuration similar to the zigzag model really exists through introducing a step so as to accommodate the RBT of the zigzag model.
